Purpose of Review Volume management in hemodialysis patients is often challenging. Assessing volume status and deciding how much fluid to remove during hemodialysis, the socalled ultrafiltration rate (UFR), has remained a conundrum. Recent Findings To date there is no objective assessment tool to determine the needed UFR during each hemodialysis session. Higher volume overload or higher UFR is associated with poor outcomes including worse mortality and unfavorable clinical outcomes. We suggest combined use of the following criteria to determine UFR or post-dialysis target dry weight: pre-hemodialysis blood pressure and its intradialytic changes, muscle cramps, dyspnea from pulmonary vascular congestion, peripheral edema, tachycardia or palpitation, headache or lightheadedness, perspiration, and post-dialysis fatigue. Restricting fluid and salt intake-and high-dose loop diuretic use in cases of residual kidney function-can be helpful in controlling fluid gains. More frequent and more severe hypotensive episodes are associated with poor outcomes including higher death risk.
Introduction
Volume control and management in long-term or maintenance hemodialysis (HD) patients has been an on-going struggle for both patients and nephrologists alike. Between HD treatments, the inter-dialytic period, most maintenance HD patients will accumulate volume with their daily meals and fluid intake as most long-term HD patients eventually lose their residual kidney function. Therefore, the majority of volume control or removal with dialysis, known as ultrafiltration, will need to be done during the patient's short HD treatments ( Fig. 1) , typically thrice-weekly. This often requires HD treatment times and/or frequency to be increased which is often met with resistance from the patient's perspective.
Clinical Presentation
In HD patients, fluid gains are expected during the interdialytic dialysis period. HD patients know this as "how much are you above your dry weight (DW)" or the weight at which patients cannot tolerate further fluid removal [1] . This interdialytic weight gain (IDWG) is mainly from food and fluid intake in the maintenance HD patient as what goes in, stays in. And with each HD treatment, one significant goal is to remove these fluid gains by ultrafiltration and maintain the patients DW. Chronic fluid overload develops as patient's fluid gains exceed the ability of dialysis to ultrafiltrate to the set DW and the patient's volume status exceeds euvolmia. This can occur by high fluid intake and/or by inaccurate assessments of the patient's volume status by the nephrologist and HD staff.
Volume status assessments are often performed by clinicians and based on the patient's symptoms and physical examination findings with possible supplementation of some more objective measurements. Volume assessment often involves medical staff assessing patients with useful clinical criteria in determining the need for fluid removal with each HD treatment (Table 1 ). Blood pressure parameters are often helpful in guiding fluid removal. Baseline or pre-HD systolic BP (SBP) that are high (e.g., >160 mmHg) may suggest a higher volume state that may be responsive to fluid removal. Conversely, low pre-HD SBP (e.g., <120 mmHg) may suggest euvolemia or possibly hypovolemia to guide HD staff to target less fluid removal or an adjustment in dry weight. Additionally, intradialytic BP changes can also be suggestive of volume status. SBP increases during dialysis, known as intradialytic hypertension, may be indicative of hypervolemia necessitating further fluid removal with dialysis. Notably, the change in pre-HD and post-HD SBP should not be greater than 20-30 mmHg as larger changes in SBP have been associated with increased mortality [2] .
Patient symptoms are also helpful in guiding volume management. Shortness of breath (dyspnea) associated with pulmonary edema is often assessed for by HD staff to determine when increased fluid removal is necessary. Additionally, peripheral edema can be easily assessed for prior to HD to guide ultrafiltration. But symptoms in guiding HD staff for decreasing or slowing fluid removal are more subtle including tachycardia, palpitations, chest pain, lightheadedness, perspiration (especially in final hours of HD therapy), and the development of muscle cramping. These symptoms typically develop towards the end of a dialysis treatment and are often an indication of too much fluid removal.
Additional considerations for volume management include monitoring inter-dialytic weight gains, the weight gain between 2 HD sessions. In general, IDWG should be less than 1.5 kg (or <20 ml/kg). High IDWG will often guide HD staff to increase fluid removal with each treatment. Supplementary to IDWG, greater reported food intake and a strong appetite also guide clinicians in increasing fluid removal with each HD session. Conversely, if patients report poor intake, diminished appetite, diarrhea, or bouts of diabetic-related gastroparesis adjustments to decrease ultrafiltration are often made by HD staff.
Other methodologies for assessing volume include inferior vena cava diameter, biochemical parameters, continuous blood volume monitoring, ultrasound of lung, and bioimpedance [3] [4] [5] [6] [7] [8] . While these methodologies may offer more "objective" measurements for volume status, it is wellknown that they are still fraught with errors from calibration and operator interpretation of the findings.
The estimation of each patient's volume status is an important window into guiding nephrologist with volume management goals for each dialysis treatment. And there is now a growing body of research into the association of volume status and dialysis patient outcomes.
Clinical Consequences and Patient Outcome
Volume overload in ESRD patients has been a clinical challenge that is associated with morbid conditions such as lower extremity edema, anasarca, ascites, pulmonary congestion/ edema, hypertension, and worsening heart failure [9] [10] [11] . In fact, ESRD patients in general share similar risks as heart failure patients. Both populations share high mortality risks (20 to 25% in the USA) mostly due to cardiovascular etiologies [12] , experience chronic wasting syndrome [13] [14] [15] , and exhibit survival paradoxes including the obesity and cholesterol [16] [17] [18] . Furthermore, volume overload or fluid retention in ESRD patients has been observed to be associated with increased risk of mortality. Kalantar et al. has previously shown that in 34,107 hemodialysis patients that had higher inter-dialytic weight gains, >1.5 kg of body fluid between 2 consecutive HD treatments, had higher risk of 2-year mortality for both all-cause and cardiovascular mortality robust for multivariate adjustment and in subgroup analysis. Whereas HD patients with IDWG of <1.0 kg between dialysis treatments had a survival advantage with the lowest cardiovascular death risk. In this study, 86% of HD patients were found to have >1.5 kg IDWG and patients younger in age, male sex, having Table 1 for list of clinical criteria longer dialysis vintage, diabetic status, and larger body habitus were also found to have higher IDWG. Additionally, improved nutritional status that included higher protein intake was also associated with larger IDWG [19] .
In a recent study by Zoccali et al., chronic exposure to fluid overload was assessed and quantified by body fluid measurements via bioimpedance spectroscopy. Here the authors found that chronic fluid overload was associated with increased death risk in incident hemodialysis patients. Death risk was analyzed by baseline fluid overload and cumulative 1 year fluid overload exposure to avoid a survival-bias and examine the cumulative nature of fluid overload, respectively. And in both analysis Zoccali et al. found fluid overload to be associated with mortality robust to multivariate adjustment. Additionally, cumulative fluid overload was found to have a higher association with death risk with a HR of 1.50 (95% CI 1.38 to 1.64) versus baseline fluid overload HR of 1.26 (95% CI 1.19 to 1.33) [20•] .
Volume overload may also contribute to increase cardiac output and hypertension which may lead to increase use of anti-hypertensives. In the absence of clinical features of volume overload, hypertension requiring more and more medications may itself be the indicator of volume overload [21] . And increasing anti-hypertensives, in the setting of volume overload, may fail in controlling blood pressure. In fact, in one study, the increasing use of anti-hypertensives was found to be a determinant of poor volume control and patients receiving more medications were likely to be hypertensive [22] .
Volume overload also contributes to the preload-related factors that may promote left ventricular hypertrophy (LVH) via myocardial cell lengthening and eccentric and asymmetric LV remodeling [23, 24] . The degree and persistence of LVH in ESRD patients has been strongly associated with increased mortality risk [25] and a decrease in LVH has been associated with a subsequent decrease cardiovascular mortality risk [26] and reduction in non-ischemic cardiac failure rates [27] . It has also been reported that reducing LV mass has associated improvements with anemia and phosphorus levels [28] . Though there are associated benefits of improving LVH, it is unclear if more aggressive ultrafiltration could prevent and/or regress LVH [29] .
Additionally, volume overload may also contribute to pulmonary dysfunction including interstitial edema, airway obstruction [30] [31] [32] [33] , and pleural effusions [34, 35] . Chronic volume overload may also contribute to the development of pulmonary hypertension where central fluid overload may be the most likely contributing factor [36] . As we can see, volume overload as measured by persistently high IDWG or fluid measured by bioimpedance has significant associations with mortality outcomes and clinical consequences. Thus, accurate assessment of volume status in dialysis patients and the treatment of volume overload are of paramount concern for all of those caring for HD patients.
Approach to Fluid Management in HD Patients
So, what can we do to combat the effects of volume overload? The first step is to control "what goes in." It may seem obvious to dialysis patient care providers that decreasing intake of salt and fluids would be an "easy" solution to control volume overload. But as all dialysis care providers know, this solution is anything but easy to achieve in the HD population. In dialysis patients with significant residual kidney function, the option of diuretics may have an added benefit. Bragg-Gresham et al. had shown the observation that diuretic use was associated with lower all-cause and cardiac mortality risk [37] . Now this may be the fact that HD patients with residual kidney function do seem to have a survival advantage [38] . But the authors propose that diuretics use may help preserve RKF by minimizing hypotensive episodes during dialysis by managing volume gradually with diuretics rather than intermittently with HD treatments [37] .
The final treatment option for controlling volume status in ESRD patients would be ultrafiltration with HD which is often the only available treatment for volume control in the majority of HD patients (who no longer have any RKF). But the question remains, how much fluid can we safely pull off with HD? This question has recently come to national stage in the determination of dialysis care guidelines [39••, 40] . The ultrafiltration rate (UFR), fluid volume removed per hour per patient DW (mL/h/kg), has been studied in several observational studies to elucidate the optimal fluid removal rate during HD. Saran et al. found that UFR of >10 mL/h/kg were associated with higher all-cause mortality risk (HR 1.09, p = 0.02) but not with cardiovascular (CV) related mortality [41] in the international DOPPs cohort. And more recently in a prevalent HD cohort, Flythe et al. found that UFR of >13 mL/h/kg was associated with and increased all-cause and CV mortality risk of 59 and 71%, respectively (p < 0.001 for both) [42] . Finally, Kim et al. recently found in a cohort of incident HD patients that UFR showed a linear association with all-cause and CV mortality where UFR of ≥10 ml/h/kg was associated with HR (95% CI) of 1. 15 (1.10-1.19) and 1.23 (1.16-1.31 ), respectively.
Ultrafiltration may lead to these poor outcomes by causing intravascular depletion with resulting hypotension and reducing coronary blood flow resulting in ischemia or myocardial stunning [43, 44] . Repetitive insults and stunning may then lead to ventricular remodeling and the effects of heart failure [44] [45] [46] when ejection fraction declines. This ultrafiltration induce hypotension may also lead to ischemia to other organs including the brain [47] , GI tract [48, 49] , and kidney. Intradialytic hypotension with ischemia to the kidney may also be a contributing factor to further loss of residual kidney function [50] , which would result in more difficulties with volume management for HD patients.
Discussion
If higher UFRs are associated with worse outcomes and HD patients still require the same amount of fluid removed with each HD treatment, what is the solution to this conundrum? For patients already established on dialysis, the easiest choices would be to either increase HD treatment run times and/or frequency which would both effectively reduce the UFR. But as most nephrologist have experienced, this strategy for lowering UFR is met with significant resistance from the patients. In a study by Flythe et al., in 600 HD patients surveyed, 12% of patients were willing to have an "extra" fourth weekly treatment. In fact, some patients valued additional fluid intake so much that 21% of patients surveyed were willing to increase treatment times by 30 min to accommodate the additional fluid intake [51] .
And now, volume management may become even more challenging as UFR itself is starting to find "cutoffs" to be used as a dialysis quality metric [39••, 52, 53•] . With a potential UFR threshold of ≤13 mL/h/kg, many patients, who are not willing to extend their treatment times or change their daily fluid intakes, will potentially leave their HD treatments volume overloaded perpetuating a chronic volume overloaded state. The potential effects and consequences of a UFR limitation are unknown to us at this time as our UFR-related studies to date are observation in nature. But it is reasonable to anticipate an increased frequency of uncontrolled hypertension and volume-related hospitalizations utilizing greater quantities of anti-hypertensive medications and more hospital days, respectively, if volume control cannot be adequately achieved.
Preventative strategies for managing volume in HD patients may be optimal method for both avoiding mortality risks with higher UFRs and adequately controlling volume. From our studies in home (short daily) and nocturnal hemodialysis, we have learned these modalities are associated with a lower prevalence of LVH [54] , which may be related to reduced ultrafiltration-induced hypotension and myocardial stunning as these frequent HD modalities would remove fluid more slowly. Additionally, improved BP control has also been reported to be related to the reduction in the extracellular fluid volume [55, 56] in short daily HD. More frequent HD, such as short daily and nocturnal modalities, may offer a more physiologic model for fluid removal, avoiding large shifts in fluid volume, in patients choosing HD as their treatment modality of choice.
An additional preventative strategy may be the implementation of incremental HD from the onset of renal replacement therapy. One of the main tenants of incremental HD is to maximize the utility of RKF. RKF has the benefit of improved fluid homeostasis. It allows HD patients to require less total ultrafiltration volumes and thus lower UFRs which may lead to a reduction in the occurrence of intradialytic hypotension and its associated complications [57, 58] and UFRs associated mortality risk [59, 60] . Utilizing RKF, such as in PD, patients can also continue to use diuretics for further control of their volume status. With RKF, patients will have the most physiologic method for maintaining adequate volume management. Incremental dialysis, which may seem to be in opposition to more frequent HD modalities, has the similar principle benefit of reducing the need for additional volume removal with each dialysis treatment.
Conclusion
What we can deduct from the volume management of HD patients is that rapid fluid removal can have harmful consequences. As such, adequate volume management in this patient population should occur at a slower rate for optimizing outcomes. Strategies such as fluid and salt restriction and continued use of diuretics in patients with significant RKF have shown some benefit. But the HD-centered strategies of more frequent HD (e.g., short daily and nocturnal) and incremental HD with a focus on preserving RKF will require further study in their relationship to ESRD volume management.
